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Is the Cosmic Microwave Background Circularly Polarized?
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The primordial anisotropies of the cosmic microwave background (CMB) are linearly polarized via
Compton-scattering. The Faraday conversion process during the propagation of polarized CMB
photons through regions of the large-scale structure containing magnetized relativistic plasma, such
as galaxy clusters, will lead to a circularly polarized contribution. Though the resulting Stokes-V
parameter is of order 10−9 at frequencies of 10 GHz, the contribution can potentially reach the level
of total Stokes-U at low frequencies due to the cubic dependence on the wavelength. In future, the
detection of circular polarization of CMB can be used as a potential probe of the physical properties
associated with relativistic particle populations in large-scale structures.
The CMB anisotropies are expected to be linearly po-
larized by anisotropic Compton scattering around the
epoch of recombination [1]. This linear polarization field
has been widely discussed in the literature [2] and its
accurate measurement can ultimately shed new light on
the thermal history of the universe and on the primordial
gravitational-wave background. It is also well established
that, in the standard scenario, no relevant circular polar-
ization should be present. For these reasons, many of the
present and near future CMB experiments like MAP and
Planck Surveyor have not been designed for a detection
of circular polarization.
It is therefore quite probable that in the near future,
in spite of a continuous incremental knowledge on linear
CMB polarization, the experimental bounds on the cir-
cular component will not drastically improve from those
of early observations [3]. Since post-Planck CMB po-
larization experiments are already under study [4], it is
extremely timely to address the question whether CMB
is circularly polarized and what physical information can
be extracted from its measurement. This letter represents
a discussion in this direction.
In order to understand the CMB polarization field, we
make use of the Stokes parameters [5]. In the case of
a propagating wave in the z direction, E = (Exe
iφx xˆ +
Eye
iφy yˆ)e−iωt, with amplitudes Ex and Ey in the x and
y-directions with phases φx and φy , respectively, we can
write the Stokes parameters as time averaged quantities:
I ≡ 〈E2x〉+ 〈E2y〉 ,
Q ≡ 〈E2x〉 − 〈E2y〉 ,
U ≡ 〈2ExEy cos(φx − φy)〉 ,
V ≡ 〈2ExEy sin(φx − φy)〉 . (1)
Note that the total intensity of the radiation is given by
the Stokes-I parameter, while for unpolarized radiation
Q = U = V = 0. The linearly polarized radiation is
defined by non-zero values for Q and/or U . These latter
two Stokes parameters form a spin-2 basis; A rotation
of the coordinate system, by an angle θ, leads to a new
set of parameters for the same radiation field given by
(Q¯ ± iU¯) = (Q ± iU)e2iθ. This coordinate dependence
is avoided in the literature by introducing a new set of
orthonormal basis with a part containing the gradient
of a scalar field, called grad- or E- modes, and a part
containing the curl of a vector field, called curl- or B-
modes [6]. Note that the Stokes-V parameter, which is
coordinate-independent similar to Stokes-I, defines the
extent to which radiation is circularly polarized.
Though there may not be a physical mechanism to
generate a Stokes-V contribution at the last scattering
surface, the radiation detected today, however, is not ex-
actly the field that last scattered. During the propaga-
tion from the last scattering surface to us, CMB pho-
tons encounter large-scale structures and undergo signif-
icant changes due to effects related to structure forma-
tion [7]. These modifications include a regeneration of
new anisotropies, such as through the Sunyave-Zel’dovich
(SZ; [8]) effect involving the inverse-Compton scattering
of CMB photons via hot electrons in galaxy clusters. The
transit of CMB photons also leads to modifications to the
polarization signal. For example, the gravitational lens-
ing deflection of the CMB propagation directions leads
to a transfer of power from the dominant E-mode of po-
larization to the B-mode [9].
In the case of CMB, galaxy clusters present potential
sources where interesting polarization modifications oc-
cur. In addition to the presence of thermal electrons,
large-scale diffuse synchrotron emission towards galaxy
clusters suggests the presence of magnetic fields [10].
The propagation of radiation through such magnetized
plasma lead to the well-known modification involving the
rotation of linear polarization between Stokes-Q and -U
parameters via the Faraday rotation (FR) [11]. The FR
comes about from the fact that normal modes of prop-
agation in a magnetized plasma are circularly polarized.
Instead of the description given in equation (1), then,
it is useful to consider the linearly polarized radiation
field, in terms of a superposition of equal left and right-
hand circularly polarized contributions. We can write
E = (ERe
iφRRˆ + ELe
iφLLˆ)e−iωt with unit vectors for
the right-, (Rˆ), and left-, (Lˆ), hand polarized waves as
(xˆ∓ iyˆ)/√2, respectively. In terms of this redefinition of
the radiation field, the Stokes-Q and -U parameters are
1
Q ≡ 〈2EREL cos(φR − φL)〉 ,
U ≡ 〈2EREL sin(φR − φL)〉 . (2)
The right- and left-hand circularly polarized waves travel
through the magnetized medium with different phase ve-
locities introducing an additional phase shift involving
(φR − φL). This phase shift mixes Stokes-Q and -U pa-
rameters such that
Q˙ = −2U d∆φFR
dt
and U˙ = 2Q
d∆φFR
dt
, (3)
where the overdot is the derivative with respect to time,
t.
The associated mixing is described via the rotation
measure angle
∆φFR =
e3λ2
2pim2ec
4
∫
dlne(l)Bµ ,
≈ 8× 10−2 rad (1 + z)−2
(
λ0
1 cm
)2
×
∫
dl
1 kpc
( ne
0.1 cm−3
)( B
10 µG
)
µ . (4)
Here, µ is the cosine of the angle between the line of sight
direction and the magnetic field, B, in galaxy clusters,
ne is the number density of electrons, λ = λ0(1 + z)
−1 is
the wavelength of radiation with wavelength today given
by λ0, while rest of the parameters have generally known
values.
The FR effect on CMB anisotropies has been consid-
ered in the literature as a possible way to generate a
Stokes-U contribution from the dominant Stokes-Q con-
tribution both for a primordial [12] and galaxy cluster
[13] magnetic fields. In the case of galaxy cluster mag-
netic fields, the observed rotation measures up to 250
radians m−2 in nearby massive clusters [10], suggest that
the CMB linear polarization is rotated, on average, by an
angle of order 10−1 radians at an observed frequency of
few GHz. Thus, FR can potentially generate a Stokes-U
contribution which is of order 10−7 in fractional tem-
perature, ∆Tpol/TCMB [14], from the dominant Stokes-Q
contribution with an rms of order 10−6 at 10 GHz [13].
The propagation of radiation has already been dis-
cussed in the literature as an explanation for the circular
polarization observed towards certain extragalactic radio
sources [15]. A similar situation applies to the CMB.
It is now well known that galaxy clusters also contain
populations of relativistic particles; The observed hard
X-ray and the extreme ultraviolet emission require their
presence [16]. In a magnetized plasma containing highly
relativistic electrons, the normal modes of propagation,
however, are not perfectly circular but rather linear. The
linear modes of propagation are also encountered when
one is dealing with uniaxial crystals and so-called quarter
wave plates which are configured to convert fully linear
polarized radiation to a circularly polarized contribution.
In the case of relativistic plasmas embedded in a mag-
netic field, the conversion of linear polarization to circu-
lar polarization can be described under the formalism of
generalized Faraday rotation [15].
The effect is essentially same as the well known FR
effect, except the propagation is considered in terms of
the linear modes rather than the circular modes. Even
if the plasma is not relativistic, under generalized Fara-
day rotation, the modes of propagation are linear when
the radiation field is propagating more or less close to a
perpendicular direction to the magnetic field. The con-
version can be understood in terms of the description of
the radiation field given in equation (1) for linear waves
instead of the decomposition to circular states in equa-
tion (2). The difference in phase velocities now lead to
a mixing between the Stokes-U and -V parameters with
the addition of a phase shift to (δx − δy). This mixing
is similar to the ones involving Stokes-Q and -U under
the normal FR with the introduction of a phase shift to
(δR − δL).
Since Stokes-V is effectively zero for the incoming ra-
diation, the outgoing radiation contains a contribution
to the Stokes-V and, therefore, the effect is generally de-
scribed in the literature as the Faraday conversion (FC)
[17]. We can write the converted Stokes-V contribution
as
V˙ = 2U
d∆φFC
dt
. (5)
The rotation measure angle related to FC in a magnetized
relativistic plasma, analogous to the rotation measure
associated with the FR effect is [15],
∆φFC =
e4λ3
pi2m3ec
5
(
β − 1
β − 2
)∫
dlnr(l)γmin|B|2(1− µ2) ,
≈ 3× 10−7 rad (1 + z)−3
(
λ0
1 cm
)3 (
β − 1
β − 2
)
β=2.5
×
∫
dl
1 kpc
( nr
0.1 cm−3
)(γmin
300
)( |B|
10 µG
)2
(1− µ2) . (6)
Here, nr is the number density of relativistic particles
and β defines the power-law distribution of the particles,
in terms of the Lorentz-factor γ, such that
N(γ) = N0γ
−β , (7)
between γmin < γ < γmax. Other parameters are same as
the ones defined in equation (4). A comparison of equa-
tions (4) and (6) reveals that while the FR is proportional
to the square of the observed wavelength, the FC scales
as the cube of the wavelength. Thus, one finds a stronger
wavelength dependence for the FC when compared to the
rotation.
A quick estimate for the two suggests that the FC is
at least 105 orders of magnitude smaller than the FR ef-
fect. Unlike FR, however, the FC simply depends on the
2
number density of relativistic particles; a consequence of
this is that an equal mixture of positive and negative
particles will contribute to circular polarization conver-
sion while there will be no rotation associated with linear
polarization. Also, conversion depends on the square of
the amplitude of the magnetic field and not the magnetic
field itself. Thus, in certain favorable astrophysical con-
ditions, the FC to circular polarization can be significant
leading to a measurable contribution to the Stokes-V pa-
rameter. As a potential source of conversion between
Stokes-U to V, we will consider galaxy clusters, as there
is some evidence for populations of relativistic particles
in these massive objects.
The extent to which galaxy clusters convert Stokes-Q
to a Stokes-U parameter under FR has already been dis-
cussed in the literature [13]. The rotation effect encoun-
tered here depends on the properties of the magnetic field
and the distribution of thermal electrons, both of which
are now well known for clusters through X-ray and syn-
chrotron emission observations. The radio measurements
of FR through intracluster gas indicate magnetic fields or
order tens of microGauss towards nearby massive galaxy
clusters [10]. The extreme ultraviolet and the hard X-
ray emission observed towards certain clusters suggest
the presence of relativistic electrons with bulk Lorentz
factors of order ∼ 300 and ∼ 104, respectively [16]. The
calculations that attempt to explain these observations
generally suggest relativistic populations with a spectrum
N(γ) ∝ γ−β where β ∼ 2.3 and as steep as ∼ 3.3.
Assuming reasonable parameters for galaxy clusters
with B = 10µG, a path length of 1 Mpc, which is a
typical size for a massive cluster, γmin = 100 for rela-
tivistic particles, and an observed frequency of 10 GHz,
we estimate ∆φFC ∼ few × 10−3. With a typical rms
contribution of order 10−6 to the incoming CMB polar-
ization that propagate through galaxy clusters, the out-
going radiation should contain a circular polarization of
order 10−9 at scales corresponding to galaxy clusters.
Note that this estimate is highly uncertain by at least
two orders of magnitude both due to the unknown num-
ber density of relativistic particles and the Lorentz-factor
distribution of these particles. Since one expects a contri-
bution to the Stokes-V parameter when the radiation is
propagating nearly perpendicular to the magnetic field,
the final contribution not only depends on the magni-
tude of the magnetic field, but also on detailed physical
properties such as the spatial distribution. Due to the λ3
dependence on the wavelength, the Stokes-V contribution
can potentially reach the maximal Stokes-U contribution
at low frequencies of 1 GHz and below.
We can extend the approach presented in Ref. [13],
following the so-called halo model [18], to calculate the
expected angular power spectrum of the Stokes-V contri-
bution. The Stokes-V correlation is simply the product
of correlation functions involving Stokes-U contribution
and the FC rotation measure: CV (θ) = CU (θ)CFC(θ).
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FIG. 1. The flat-band power spectra of CMB polariza-
tion (∆T = TCMB
√
l(l + 1)/2piCl). We show contributions
to the E-mode (solid line), B-mode (dotted line) and esti-
mates for the Stokes-V mode at 10 (dashed line) and 1 GHz
(long-dashed line). The contribution to B-modes contains
two parts involving gravitational-waves at large angular scales
and gravitational lensing effect at small angular scales. The
shown V-mode contributions should be considered reasonable
given uncertainties associated with relativistic populations.
Given the significant wavelength dependence, λ3 in this plot,
low-frequency observations are desirable to detect the circular
polarization contribution.
The correlation function associated with the Stokes-U
contribution can be written as [6]:
CU (θ) =∫
ldl
2pi
{
CEEl
2
[J0(lθ)− J4(lθ)] + C
BB
l
2
[J0(lθ) + J4(lθ)]
}
. (8)
We assume a total contribution to the B-mode power
spectrum, CBBl , from both gravitational waves, with a
tensor-to-scalar ratio of 0.1, and gravitational lensing
conversion of E to B-mode. Since lensing, effectively,
happens at redshifts greater than 1 [19], while FC hap-
pens in massive clusters at redshifts less than 1, it is
unlikely that we have overestimated the total linear po-
larization contribution that can be converted to the cir-
cular polarization. To calculate CFC(θ), we use a halo
distribution with masses greater than 1014 M⊙ with the
assumption that the distribution of relativistic particles
in these halos trace the gas distribution and the magnetic
field in each cluster is constant, which in this case we set
at 10 µGauss. We summarize our results in figure 1.
In addition to galaxy clusters as discussed above, large-
scale shocks involved with the formation of structures,
including galaxy clusters, could be significant sources of
magnetized plasma in which FC may be efficient. Due
to the strong dependence on wavelength, the Faraday
3
conversion effect can easily be identified and separated
from other contaminant contributions such as radio point
sources that may dominant the polarization signal at
low frequencies. An additional, and possibly important,
source of circular polarization is the conversion associ-
ated with a primordial magnetic field. Though current
observations limit a primordial magnetic field to be at
the level of 10−3 µG today [20], the evolution of the field
as (1 + z)2 will lead to a significant contribution during
the recombination era. A limit on the circular polariza-
tion at early times can be used as a way to put a reliable
limit on the large scale primordial magnetic field. We
will return to this subject in detail in the future.
Though our first estimate on the level of CMB circu-
lar polarization due to galaxy clusters is smaller than
the contribution to the linear polarization, observational
studies on circular polarization are clearly warranted. As
discussed, the Faraday conversion involves the presence
of relativistic particles and their detailed physical proper-
ties. Any detection of the circular polarization will allow
a probe of these relativistic populations in the large scale
structure and the associated magnetic fields. Further-
more, a detection of a V contribution comparable in sig-
nal to the Q and U modes would be nearly impossible to
explain in the standard scenario, requiring the introduc-
tion of new physics or, again, providing an useful check
for systematics.
Though the required sensitivity level to detect circular
polarization is beyond what is allowed by current instru-
mental techniques, with new detector technologies and
observational methods, it is likely that the required level
of sensitivity will be reached in the future. As with Fara-
day rotation, the ultimate limitation will be contamina-
tion from foreground sources. At frequencies around 10
GHz and below, the synchrotron emission from galaxy is
dominant with respect to the CMB. Measurements at 1
GHz shows a circular polarization from this foreground
at level of 10−4 [21]. However, the circular polarization
contribution associated with galaxy clusters could be sep-
arated out by cross-correlating with large-scale structure
data and/or by the different frequency dependence.
Though most CMB experiments are not sensitive to
the Stokes-V contribution, interferometric arrays detect
this contribution. Therefore, the anticipated polariza-
tion data from interferometers such as DASI and CBI, at
30 GHz, will provide useful upper limits on the V -mode
contribution at the order of a few µK. Given the strong
wavelength dependence, however, any attempt to detect
circular polarization should be considered at low frequen-
cies; In this respect, the upcoming Square Kilometer Ar-
ray (SKA) and the Low Frequency Array (LOFAR) may
provide interesting results in this direction. The relevant
astrophysical uses associated with CMB circular polar-
ization clearly motivate future observational programs
for a positive detection.
This work was supported at Caltech by the Depart-
ment of Energy and the Sherman Fairchild foundation.
AC thanks the Oxford astrophysicists for their hospital-
ity during a brief visit where this work was initiated. AM,
supported by PPARC, thanks Francesco Melchiorri and
Chris O’Dell for valuable comments.
[1] N. Kaiser, Mon. Not. R. Astron. Soc., 101, 1169,
(1983); S. Chandrasekhar, Radiative Transfer (New York:
Dover) (1960).
[2] W. Hu and M. White, New Astron. 2, 323 (1997).
[3] P. Lubin, P. Melese, G. Smoot, Astrophys. J., 273L, 51L,
(1983).
[4] J.B. Peterson et al., astro-ph/9907276.
[5] J. D. Jackson, Classical Electrodynamics (New York: Wi-
ley & Sons) (1975).
[6] M. Kamionkowski, A. Kosowsky, and A. Stebbins, Phys.
Rev. D 55, 7368 (1997); M. Zaldarriaga and U. Seljak,
Phys. Rev. D 55, 1830 (1997).
[7] A. Cooray, astro-ph/0203048 (2002); N. Aghanim,
P. G. Castro, A. Melchiorri and J. Silk, arXiv:astro-
ph/0203112.
[8] R. A. Sunyaev and Ya. B. Zel’dovich, Mon. Not. R. As-
tron. Soc., 190, 413 (1980).
[9] M. Zaldarriaga and U. Seljak, Phys. Rev. D 58, 023003
(1998).
[10] T. E. Clarke, P. P. Krongerg and B. Bo¨hringer, Astro-
phys. J. Lett. 547, L111 (2001).
[11] G. B. Rybicki and A. P. Lightman, Radiative Processes
in Astrophysics (New York: Wiley & Sons) (1979).
[12] A. Loeb and A. Kosowsky, Astrophys. J. 469, 1 (1996);
L. Pogosian, T. Vachaspati and S. Winitzki, Phys. Rev.
D 65, 083502 (2002).
[13] M. Takada, H. Ohno and N. Sugiyama, Astrophys.
J.submitted astro-ph/0112412 (2001).
[14] We quote the polarization in terms of fractional difference
in brightness temperature as both the temperature and
polarization anisotropies have the same thermal spec-
trum.
[15] A. G. Pacholczyk, Mon. Not. R. Astron. Soc. 163, P29
(1973); M. Kennett and D. Melrose, Publ. Astron. Soc.
Aust. 15, 211 (1998).
[16] C. L. Sarazin and J. C. Kempner, Astrophys. J. 533, 73
(2000); M. Y. Tsay, C.-Y. Hwang and S. Bowyer, Astro-
phys. J. 566, 794 (2002);
[17] T. W. Jones and S. L. O’Dell, Astrophys. J. 214, 522
(1977); M. Ruszkowski and M. C. Begelman, Astrophys.
J. submitted astro-ph/0112090 (2001).
[18] A. Cooray and R. K. Sheth, review to appear in Phys.
Reports (2002).
[19] A. Cooray and M. Kesden, Phys. Rev. Dsubmitted, astro-
ph/0204068 (2002).
[20] J. P. Valle, Astrophys. J. 360, 1 (1990).
[21] K. Kellermann, F.N. Owen in Galactic and Extragalac-
tic Astronomy- G.L. Verschuur, K.I. Kellermann Eds.,
Springer Verlag (1988).
4
